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(54) TiUe: LTTHIUTVi HAT ' WlfH ELECTRODES CONTAINING CARBON FIBRn^ 





(5 I Abstract - 

A lithium batte ctiar^ct*r'zed 'm that anode (1) is formed from a carbon fibril material comprised of au aggrv^uv *■ I ^rils or 

Qon-aggrcgated mass !ih L iving . n~avep particle dianactcr of 0-1 to 100 microns in which hne, filiform carbon nii ' ' to 75 

Dm \o diameter are tnr, twi^^r*! ' iih ccb ot^ and fibrils, being intercalated with lithium. The cathode (3) also vo>caiEj .a bo brils. 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States paity tp the PCT on the front pages of pamphlets publishing intcmatiooal 
applications under the PCT. 



AT 


Aastru 


GB 


United Kingdora 


MR 


MaiBitauta 


AU 


AosnliA 


GE 




MW 


MaUwi 


BL 




GN 


Guinea 


NE 


^Rger 


BE 


Belgium 


GR 




NL 


NeAcrlaiids 


BF 


BurkiDA Faso 


m 


btngsy 


NO 


Norway 


BG 


Bulgaria 


m 


>aa»d 


NZ . 


' NewZealand 




Benin 


rr 




PL 


Poland 


B * ; 


Brazil 






PT 


FOftuggJ 




Bdaius 


RE 


cnya 


RO 


Rmninia 






KG 


Cyigystan 


RD 




<r 


Central Afrtcui Republic 


KP 


4)ciii(Kxatic Pcrote's Republic 


SD . 


Sudan 


c • 


Congo 




.*r Koica 


se, 


Sweden 


et2 


SwitzErlAod 


KB 


public of ILjc^i 


SI 


Slounda 


C3, 


cote d'lvDire 


KZ 




SK 


Slovakia 




Csmeteos 


U 




SN 


Scsegal 


CN 


China 


LK 


Sri Luka 


TD 


Cbad 






LU 


Umanhoitfg 


TG 


Togo 


cx 


CEccbHepuMic 


LV 


Latvia 


TJ 


TajiUjtan 


Off 


GoinaDy 


MC 


Monaco ^ 


XT 


Tximdtd and Tobago 


DK 


Oeimuik 


MI> 


RepubUc of Moldova 


DA 


Utniac 


ES 


Spain 


MG 


Madagascar 


US 


Unified Statea of Amoica 


r'l - 


HnUDd 


ML 


M*li 


uz 


Uibdosiaa 


Fa 




MN 


MongoUa 


VN 


Viet Nam 


GA 


Gabon 











wo 95/07551 PCTAJS94/I0181 

1 

LITHIUM BATTERY WITH ELECTRODES CONTAINING CARBON FIBRILS 

FIELD QP THE INVENTIOM 

This invention relates to a lithium battery in 
which carbon fibrils are used as an anode and/or cathode 
5 in a lithium secondary battery. 

BACKGROUND-OF-^T-HE-I-NVEN-T-I-QN 

A great deal of research has been conducted on 
lithium secondary batteries in which metallic lithium is 
used as the negative electrode because high voltage and 

10 high energy density are anticipated. A family of 

batteries, called variously lithium ion or rocking chair 
or swing systems, has been developed which include a 
carbon anode into which lithium intercalates. The 
ability to intercalate lithium is critical. Classically 

15 this requires a relatively good graphite structure. The 
intercalate is a true compound corresponding to a 
composition of C^Li. It thus has safety and other 
advantages over a metallic lithium anode. However, the 
problem with batteries in which metallic lithium is used 

30 for the negative electrode is that cycle life is 

decreased because of reactions between the lithium and 
the solvent during charging and because of dendrite 
growth . 

In order to eliminate this problem, studies 
?5 have been conducted of Li-Al alloy and of' various types 
of carbon fiber materials as niegative electrode 
materials. However, new problems such as decrease in 
mechanical strength and deterioration of self -discharging 
characteristics have arisen with these materials, 
^0 As to the "rocking cb.air" cell, lithium is the 

-^^i^ ionic species jnoving b^ck and forth between the 
electrodes during' charging and iischarging. 
Specifically, during charging, intercalated lithium ions 
from the cavaode ^i- > • / LiMn204, move through the 
j5 electrolyte to the anode where they pick up an electron 
in the process of intercalating the carbon. During 
discharge the reverse reaction takes place, i.e., the 
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uncharged lithium in the carbon loses an electron to the 
external circuit as it ionizes to Li+ which migrates to 
and enters the cathode concurrent with local reduction of 
the oxide lattice by an electron from the external 
5 circuit. The half cell reaction are shown below doing 
discharge. 

LiC^ -+ Li + e' + anode 

Li"^ Mn204 + e" LiMnjO^ cathode 

10 

The prior art lithium ion system is 
characterized by an intercalatable carbon anode and an 
intercalatable variable valence metal oxide cathode 
usually also admixed with carbon for conductivity. It is 

15 the use of the carbon anode that sets the rocking chair 
system apart from earlier configurations using lithium 
metal anodes. These latter suffered from safety probleirs 
related to dendrite formation, flaking and spalling of 
lithium metal, leading, in turn to dangerously high 

20 reaction rates and to side reactions with the 

electrolyte. These safety problems have been largely . 
sidestepped by the absence of a bulk lithium phase. 

Development of new more oxidation resistant 
electrolytes and, longer range, the development of 

25 polymer electrolytes also contributes to safer Li celLs. 
Nevertheless, these batte>-ies utilize very reactive 
electrode materials and systems. Studies of even the L. 
intercalation electrode suggest it must be properly 
engineered ro avoid runaway reaction under damage or 

30 short circuit conditions. 

Although botjh electrodes of the lithium ion 
cell use carbon, these carbons, like most electrode 
materials, were selected from those commercially 
available. That leither anode nor cathode performance 

35 was satisfactory is seen from the poor power density and 
from the poor approach to theoretical energy density. 
The lithium ion battery as presently available has 
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coB.«=ial utility only because c£ its inherent ther«o- 
ayna^ics and rather in spite o£ less than opt.»al 

Kinetics and engineering _ ^^ctrodes and 

A target use for fibrils is exev. 

riHY-iic are ca. lOoA diameter, 
r^nrrent collectors. Fibrils are 
i ^tically grown. graph TCi^^^-^^^typica^-several _ 
Tier ns long, while fihrils are graphitic, geo.etrrc 
\ „„„„ differences with pure graphite, 
constraints force son,e difteranc ^ j „^ 

Like graphite, fibrils are composed of parallel 1 y 
clrbo! but in the tor. of a series of concentric tubes 
disposed about the longitudinal axis of the fibers rather 
than as .ulti-layers of flat graphite sheets. Thus, 
because of the geometric constraints in the narrow 
diameter of the fibrils, the graphite layers cannot Ixne 
, up precisely with respect to the layers below as flat 
graphite sheets can. convergent beam ^l-""" 
diffraction has confirmed that the <002, graphitic planes 
are oriented along the tube adds with high ^'^^^^ 
The structure of fibrils compares gui.e ..losely 
, with the much studied buckytubes. However, unlike 
buckytubes, fibrils are produced as indispersable 
ggrlgates uncontaminated with amorphous carbon allowing 
f!Lt!s to be fashioned Into electrode structures with 
only minimal processing. The fibrils are grown by 
contacting catalyst particles with gaseous hydrocarbon in 

■ a hydrogen rich atmosphere . Thei,: diameters are 
detLined by the si.e of >e catalyst particles and 
average 7-12 nanometers. Lengths are several micro- ^ 
„rers They are hollow tubes «th wall thicknesses 2 to 
r :::met:rs^ The wans are essentially concentric tu^s 

■ Of individual graphite lasers rolled into .y.in^d^ « 

intervals along the -e.gth "l'^-^^^^^,,^ ,,e ' 
layers may -urve into ler.spheiical cepta sp^ , 

oUow interior. Near tnese. th» walls ,ay or a =hort 
,3 distance change into ne,.-.ed cones. These re e= changes 
in the catalyst/carbon interface durin, growth °' «^ 
fibril, unlike other catalytic vapor grown carbon fibers 
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they are free of less organized pyrolytic carbon on their 
surfaces. 

Buckytubes, however, are grown by condensation 
of carbon vapor in an arc. They usually have a wider 
5 distribution of diameters from single layer walls to many 
tens of layers. The arrangement of graphite layers in 
the walls is very similar to fibrils. Some have only 
concentric cylinders (or polygonal cross sections) . 
Others also have septa and nested cones. It is likely 
0 that some buckytubes are grown catalytically on catalyst 
particles derived from impurities in the source carbon or 
from the apparatus. It is not yet certain beyond doubt 
that any are self assembled without catalyst - spark 
temperatures are sufficient to vaporize iron or other 
V particles after growth. Less organized carbon is 
deposited at the same time in the form of polygons* or 
turbostratic carbon some of which may coat the 
ourkvtubes. 

As would expected from their s-cructure and 
lim.Marit/ to ji'dphite, fibrils are conductive- Whi 2 
the ::ondu :tivity of Individual fibrils is difficult \, 
measure, a recent attempt has yielded an ^.,:^icimated 
resistivity vBlue of 9.5 (±4.5) mncm, a :/estis+ ivity 
slightly higher than -ypically measured for grap'.itized 
-arbon, bu*- consistent with whc*t Ivas tecently -leeii 
3 tiy measujisd for buckytubes. 

^^"^ibrils can.be assembled into macrostructures 
::oirposed of interconnected fibril nanotubes, similar ti 
•elc .a^s. The large number of contacts between 
.ndiv'.di^l. conductive fibrils in- the fibril mat results 
I in . .wh high conductiviti;^s veil. 

The porosity of homogeneous fibril .^u-*^ ^s 
de-^ ^T- - ^ed by over?y mat l=>n«= y. Porop= * can 
fur : ^f: ^ modified by ro-slu^i: 'in^ :ibrils with maci; vf V -'^^ 
(e.v class or carbcii) before formation ot l*he mr^. 
'^his tecnnique for formi^ig both homogenous j ; 
slurried fibril mats is ^oth convenient on ^he . - -ratct y 
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.cale and is raadily a«nable to .e.l.-up usln, tiber 

«f 200m2/g as determined by BET 
surface area of ca. zuum /y 

v The value for the surface area can also oe 
measurement. The vaiue ^:Hvn 
" arrived at by calculat -i:on-b-a-sed-on-aver-age-f.xbr.U. 



10 



15 



?irrived at by caicuxaux^i. 

arrived y j^^^ween calculation and the 

dimensions. This agreemen 

BET measurement demonstrates that the ^OOm^g. - 
the external surface of the fibrils. Analytical 
the exter electrodes demonstrate 

electrochemistry of fibril .,,^1.= for 

4- »n of the fibril surface area is available for 
that all of the ^,,t.le layer 

electrochemical proceses ^^^^^^^^^^ ^^^^^^ 

Charging capacitance of f ibri ^...^rode over a 

1 inearlv with the mass of fibrils in tne « 

e range of fibril mat densities. Pibrils aUow for a 
combination of .o ....nt pore si^e -^^-^ ^ 
that -.s no-, available in other conductive ^^l^ 

such open nets of fibrils impose their high 
nal surface area and consequent electrochemical 
v."-bility on any chemical system tha. can be deposited 
'n or physically. entangled within mats of them^ ^ 
currently available lithium ion Dat.er . 
, tn- ...calatable carbon .s she anode. The max..... 
ler<- iensity of 3uch batteries correspona.^^ ^ 

o;.«valation compound CeLi, with a specif i'^^ *^ ^ 

The ability co intercalate Uth.' - . 
Las3ic.lly, this requires a relatively goc. v ^ 

cri-:ure. This intercalate is a true com,..,-, 
orr^^ponding to a composition of CeLi. 

- - -r.T»:TBPTS QF-THF. TMVENTIOH.__.. _ . 
The: Qbje-tiye of chis invention i . i^- ' avV ,he 
mentioned problems of, the con rentier ' 
.nd o provide a lithium battery whereby c 
. -ycl-^ life due to reactions between the n.' 
.leccrode and the solvent and due to forn.. 
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dendrites is inhibited and with which there are superior 
self -discharging characteristics , 

Another object is to provide a lithium battery 
using Geus fibrils and lithium intercalates. 
5 Another object is to explore improvements in 

performance of lithium ion batteries through use of 
fibril nanotubes as the current collector for both 
electrodes. 

Yet another object is to achieve high power 
10 density in lithium rechargeable cells possible by 

exploiting the high accessible surface area of fibrils 
(200 M^/g) , formed into a three dimensional conductive 
networks. Lithium will be deposited in the inter- 
calatable electrode structures i.e. carbon at the anode, 
13 LiMn204 or some other redox system at the cathode - in 
such a way that no portion of the intercalatable 
structures will be more than a few hundred Angstroms from 
both the electrolyte interface and the fibril network 
Itself which serves as , -current: collector and structural 
support . . 

'th»^-se. and other objects, features and 
advantages of the irv-ention will become readily appar^^if^t 
from the ensuing description, and the novel featuxes vll" 
be particularly poir*:ed out in the appended claims. 

g j^^^ y QP y^jg PRESENT INVENTION 
The iiiveiiTion is directed ro a lithium battc:: 
characterized in th^.t one or both electrodes are forme 
using a rbon f ibri.. ■ aterial comprised of an aggregr"^ - 
of fibri o .ving average; particle- diameter of 0.1 - 
} 100 Mm in w'r : h ;-i - -iliform carbon f ibrils of 3.5 - .y 
75 nm in aiav. -,»^v , - -.ntertwined with each other. 

Iz .^ now believed that non-aggregated 

fibrils such as Vr*-. isclosed in U.S. Patent \pplicjiti^ > 

" serial No. >8 .>7,^ , -riled May 5, 1993, the disclosMi':^ 
35 . of which is het!s;bM Incorporated by refe-^ence may be us: fed 
in the electroies cb the invention. 
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....U a Je.a/e o. non-a..e.ate. .ass 

intercalated with li^^^^^J oPTHSJBEAHIliSS 
The invention wxU _^_^.^^_^^^^^.^.tipn,_vmen 



10 



Tl,e invention "° ,.,ptlfin,-J!SS: 

,eaa with reference J„„., „uw ot one e«a.ple 

\::s invention, .s ..o»n in Pi,- X. ^ - 
of a Battery m .^eet, 2 is - 

ae.i,natea ^f/; r^/.^ectrcae =neet. 

separator; and ' J^^^^^_oFJHEJfflSBI2H 

i„vent.on roaaly ^^^^^^^^^ 
battery characterized in that on 
, ,,,.ed using a carbon fibril ^ ^ ,,,,,, abril 
The electrodes are for^nea ^q^egated mass 

oo^prieea ,n a,,re,ate or „ n-a,,r , 

- - 'Turorr:;- .i.ri>. .-.to 

100 am n which fine 
, „ ™ in ai,.eter ^^^'^^^.^ .e the .est Che 
The spinel .MMnjO, app i„ oraer 

...ia.le valence ^etal -^-de^s - J^^o^^^ ^^^^^^ 
to exploit vhe advantages of -^^^^^.^^.^ 

iithiated manganese ^'^^^ °\ .iwn^O, involves 

_ i'l^e oonvencional ^ynthesi 

nidation Chemistry incompatible W3th f >.rils. 
temperature syntheses' are conaucted-^ ^^^ _^ . 

' Whan precipitation s carri^ ^^^^^ 
,.esen.e Of a- sl^ry^f . ^-^^ 

.a . th..product ..ecau.. of _ the 

of .xMn/), , ...cessarily ,.ry _ ^^^^ ^ ^^^g^^m 

spaces within thermae Hyperion .sir, a 

aimed at deposition of MnO, m^fx^- ^^^^ ...y ,„aU 

similar ^PP^-^''""'' ^'"'^'"^ '.".^eir. TBM sh^ws that " 
35 MnO, -y^-^^^^^^ "3 ,f ;bout .00 h Size. The 

. mat has MnO, inclusions of 



such a mat has MnOj 
desired LiMn204 looks similar. 
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It has been shown that batteries comprising 
lithium intercalates in the anode is possible, 
successful lithium batteries made up of Geus (fishbone) 
fibrils and lithium intercalates as anodes are also 
within the scope of the invention. 

Kinetics, and energetics of lithium storage are 
studied on carbonized electrode materials. Fibril/carbon 
electrodes are evaluated by both potentiostatic and 
galvanostatic methodologies to determine the energetics 
and kinetics of lithium incorporation and release in 
standard three-electrode reference cells using 
LiClO^/PC/DEM and a lithium metal counter /reference. 
Fibril/carbon electrodes are evaluated over a wide range 
of charge and discharge rates. Electrode candidates that 
show highest capacities or charge/discharge rates are 
further evaluated for cycle life. Lithiated manganese 
dioxide are prepared using precipitation methodologies. 

The benefits of the invention are those that 
Tlow from major improvements in rechargeable portable 
•energy storage. Near term, the target is oortable 
electronics, in which market available lithium ion 
'.atteries are beginning to compete :with more established 
nickel cadmium and nickel metal hydride batteries. 
Tonger term, the target is thfr electric vehicle.. 

Clearly, lithium batteries show advantages over 
-radxtional lead-acid systems . liocking chair bat-eries 
c-Lready have far higher energy density, one of the 
.-ritical performance parameters fcr • EV. 

Fibrils have been show., to offer both high 
surface area and controlled porosit/ to help reduce 
•I ffusional resistances:; This cha .cteristic may produce 
/..>tter density at constant energy -nsity.^; 

One also expects to see -nprovements in battery 
■..•-fe from fibril based electrodes. Vor example, because 
;.e spinel is not relied upon as iht: mechanical basis of 
.lis electrode, processes leading vo disintegration of 
LiMnjO^ should become unimportant. Pieces as small as 



PCT/US94/10181 

WO 95/07551 

' , ...ily retained within t.. eiectrcae and shcul. 

lOoA are easiiy r electrochemistry. 

continue to fve^ents in life usin, 

Another bas.= for ^-p 
ahrils as the carbon --ponent of t ^.^^.^^ 

„e produced n a ^^^^h ^ ^^^^^ „,.ohe»xcall 
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— ^ced in a ^^^^ of - ehe„icaily 

.andUn, can be ^^^^^^ ^J^^J^ , ,„oh bound ox„en has 
reri^.:;:: ard^sts da»a,in, eiectro.te 
"•°^""=\nother un,ua„tif iabie benefit would der- 
„o„ repiace.ent of ^^1".:^^^ 
oonsu.er use -ith ^^^^T C ^ 0 ceUs have been 
Mthou,h have not found consumer 

available for soBe tine, they n ^uiticiently 
acceptance. * Uthiu- ioh "/^^'^^ u,hter 
high energy density, i.e., _ |,ey 

than a conventional alKaUne «nO, 

to nonsuirer acceptance. v,„„ fibril- .nat are 

..e dia..ter Cf the car o ibrl ^^^^ 

„3ed in : : length should he « 

Ter:: - t J rti.e= the. dia.eter and 

''Z oTterrr nbrils e^c^s 

When the diameter u v.„<vvis 
V, • effect in providing r^onductivyty i= 
V5 nm, thexr effect rn p ^ ^ carbon 
decreased. When it is less , ^^^^le. When 

^^=+-t-pr and become dxtticuiu 
fibrils may scatter less than 5 times 

the .lencth of the "/-J^^^ % L,,. 
.^eir aia».ter. ^"^^^ i,,,ch. ,he. carbon _ 
An aggregate IS forme ^v^.^k ^hey c.re 

are fine and fili for, an ^ f^^^/,^,, 
inte. twined with each. ot.,er, he 
.,a.eter of the ..ggiaga.e sho..« be 0.^^^^^^^^^ 

preferably, to SO - ^ «<P~*. 

„. When the average ^„ insufficient 

a Mixture with binder powder tends 



3 > 



30 ^iTn 



wo 95/07551 



PCT/US94/10181 



10 



When the aggregate is used as the negative' electrode of a 
lithium battery. When the average particle diameter is 
less than 0.1 ^m, infiltration of the electrolytic 
solution does not readily occur and the lithium ion 
5 intercalation reaction does not readily occur when the 
aggregate is used as the negative electrode of a lithium 
battery. 

The 90% diameter (dg^) , which is the index of 
distribution of the aggregate, should be less than 100 m, 
10 preferably, less than 80 m, and, more preferably, less 
than 50 m. Further, the 90% diameter is less than 7.5 
times the average particle diameter. 

The average particle diameter (dm) and the 90% 
diameter (dg^) in this invention are defined so as to 
15 satisfy the relationships indicated in the following 
:::ormulas. Here, dmin is taken as the minimum partinlP 
diameter and dmax is taken as the «,aximum particle 
iameter in the particle siz<.. discributicn in wnich-he 
'olu^netric ratio Vd of the .article diameters d i.. .aJ.e,, 
5 t .li vr. lability variable. 

Koinula 1: . 



•V) mula 2: 



«90 

0. 9 = I V d 



The aspect ratio of the Co^.m v v.vLls that 
r rm tne -arbon fibril aggregate shou.doi^Hnarily be 

.aac^r .nan 5, preferably, great - -han . and, more 
I eferatJy, greater than lOOO. m a^drru , the fibrils 
r.:e ordinarily tubular with a hollow -ore. 

Moreover, these carbon fiLrr-s should not have 
a continuous thermal carbon layer and should have several 
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,.apnite layers pa.aUel to t.e n.ril axis^ The 
proportion of the surface area that xs 

:,ore.entioned thermal carbon coating shou d oraxnar ly 
be less than 50%. preferably, less than 25%, and, more 

5 prefer ab ly, less than 5%. .^_,.„_4.h-vs- 

The carbon fibrils that are used xn thxs 



The caroon rioj.j.i=> 

^ion can be obtained, for example, using carbon 

. ^. 5-^03334 C1990) as the rav 

patent Application No. 2-503334 (19 J 
10 .atarial. T»is material »av b. use xn unalter 
subjected to chemical or physical 
„hich it is subjected to pulverization treat.ent^ The 
chemical or physical treatment Bay be carried out 
«^ after the pulverization treatment. 

L'ples o. physical or chemical treatments o. 
the carbon fibrils include oxidation with nitric acid 
Nidation ,ith ozone, organic plasma "^-^ J^"'" 
„ith resins such as epoxy resins and creatment with 
"uplin, agents such as or,a«ic silicon nd titanium^ 
J. compounds. 

The pulverization apparatus may be, -or 
,.ple, a pneumatic grinder (jet mill) or nn impact 
T inde^-. Because these grinders can be .parated 
. continuously .and the guantity treated 
. greater than that with a ball mill or a 'xb> at.ng mxll, 

.ulverization costs can be lowered. In '-^^l',^^ 
• :niform carbon fibril aggregate of a - y^;^ 
astribution can be obtained by install-.g- ^--^^^ 
mechanism in the grinder or by instaUxr^ . . j - 
S:' ..uch as a cyclone in the line. ^£ the . 

- -Determination of the partxcL- <->-tc ._o 

aggregate was performed as follows. The - .on .xbrxl 
.atorial was introduced into an ^^^^ ^.o^^i^^^ 
surfactant and was treated with an ultra.- • ^om g ^ 
. r;r;„ „ e.ueous dispersion. ~-ti -n^^^^^^^^^^^^ 
using a laser diffraction scattering type f,^ticle .iz 
dirtributicn meter with this agueous dispersion as the 
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test: material. The carbon fibril material was mixed with 
binder powder and the mixture was kneaded, after which it 
was molded to form a sheet. This sheet was used as the 
negative electrode. There are no particular limitations 
5 on the composition of the binder, and polyethylene or 
polytetraf luoroethylene can be used. 

There are no particular limitations on the 
composition of the positive electrode- For example, an 
oxide or sulfide of vanadium, manganese, molybdenum, 
10 niobium, titanium or chromium can be used as the active 
substance, graphite can be used as the conductive 
material and polytetraf luoroethylene can be used as the 
binder. These materials can be kneaded to form a sheet, 
after which lithium can be carried on it as a result of 
xT* formation- 
Further, formation of extended surface area 
electrodes via electropolymerization and subsequent 
;,^Yrolysis to yield a disordered carbon, but with liigher 
surfaci area is possible. The extended surface here .'>ay 
:c be in the form of flat polymeric ribbons. Certainly, it 
,s the firs'^ description of an extended surface 
disordered carbon based on fibrils. The use of Geus 
^ Lhrll^ is ^tvailable as a composition of the ^^)P^.vtive 
>ec trot^e. 

There are no particular limitationr c^t; -htt 
c ^irposit^ o*i of the electrolytic solution. Fez >^>- : 
It can be prepared by using lithium perch J oiir.f*, ■ . ; ' ii.. 
thiocy nitn or lithium borof luoride- as the -^^-^riv- 
electrolyte, with propane carbonate, dimethu:: : \ % ^ . 
tetr- r arofuran being used individually or :iv ■ -v, 

tho -Vent . 

There are no particular limitation V ■'*"c 
seoaratc-. , For example, polypropylene nonw /f o'- 
can be ised . 

The invention will be more fully -b ribed and 
understood with reference to the following eyrrvvies which 
are given by way of illustration. 
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gvample X . ^r^Tnr>v-ioina a carbon 

A carbon fibril material comprxsmg 
. of 13 nm and having an average particle 

,,,.n diameter o 

''^^ Z was B 2 r. a polyethylene binder were .ixed 

at a weight ratio kneaded. 



-ratio of carDon Lj.ui.ii 

at a weight ratio ^^^^^^ ^^^^^^^^ 

T w^+-vi\/iene binder of 80. ^u- lii^ 
polyethylene the negative 

and then molded into a sneet 

electrode. ^^^^^ tetraf luoroethylene 

CraOg, acetyl ^ ^ ^ ^r-etvlene black and 

at a weight ratio of CrjOa, acetylene 
were mixed at * ""^ ^^^^ „i^ture was 

tetrafluoroethylene of 40.40.20 an 

Kneaded, after which it was molded into a 

the positive electrode. ^^i^tion of lithium 

AIM propylene carbonate solution or 

„o„wov.n fabric i»pre.„ataa --^J^-/^^^^,^^ 

, „. lecl--od(, sheet uhich wsre then housea . 

The char,e-dischar,e cycle 

^H*-;,ined were evaluated on the basi> 
-:ne' battery- that was obtained wer 

- rh^ iearae Of deterioration, C/Co U) , tro 
°^itial cfpaciry value. Co (mAh) , when charging- for . 
' :::: t r.oniant vcltage of .V and continuous 
:is::a;e.orShoursata;constantr^^^^^^^^ 

were repeacei at room ' ,ere BV.luat..' 

iU>:irt a. .:. ;eif -discharging characteristics were ^ 

. , .tu.y... .- degree of — ^ ^^^^ ^ 

initial ^apacity values. -CO, ^h), ^^"^^Ig 
char..o at>^om temperature (25»C) was .t.red a. .. 

temperature (25'C). -rharae cvcle 

Fh . results, of the . harge-di.charge _ 
. battery versus C/Co (%) . ^"u self 
characteristics of the battery ^re tai^v.^ati* 

^ha^afteristics vetsus C/Co (-6) are 
discharging characteristxo 



.1.' 



i.n Table 1 below. 
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5 


Charge-discharge 
cycle 

characteristics 


C/Co {%) 




(cycles) 

1 0 0 


9 8 




2 0 0 




10 


SCO 






10 0 0 


9 0 


15 


Self -discharging 
characteristics 


C/Co (%) 




(days) 

1 0 


98 




5 0. 


9 5 




10 0^ • 


9 0 



The lil-hium battery of this invention had a 

.'.ong charge-discharge cvcle l i f o 4. ^ 

, ^ -yc±e Life and also had superior 

>^elf-discharging characteristics. 

^• The carbon fibril inaterial that is used in this 
inventxon : s an aggregate of fine, filiform carbon 
■ fo^brils, for Which reason there is smooth infiltration of 
electrolytic solution ^hen it is used as the negative 
.iectrode in lithium batteries. Moreover, because it has 
a large effective surface area, the lithium ion insertion 
•eaction xs effected uniformly and rapidly throughout the 
.ntire negative electrode. For this reason, reactions 
between the negative electrode and the solvent nnd 
:-ormation of dendrites are controlled to a greater extent 
.han with conventional carbon fibril materials and 
ciarge-discharge cycle life and self-discharging 
characteristics are improved. 
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Exa.pU 1 was repeated usln, oeu. (Eis.bona, 
fibrils. Similar results were obtained. 

Having thus described in detail preferred 

^ r.r-**c;Gnt invention, it is to be 
, embodiments o tb^^^ ^^^^^^^^^^^ 

understood that the inven details set forth 



understood that the forth in 

Claims is not limited to partiou ar d 

..is description as "-^J^^;; "or ^ of th! present 
Without departing from the spirit o 



10 invention, 



wo 95/07551 



PCT/US94/10181 



16 

WHAT IS CLAIMED IS ; 

1. A lithium battery characterized in that 
the anode is formed using a carbon fibril material 
comprised of an aggregate of fibrils or non-aggregated 

5 mass of fibrils having an average particle diameter of 
0.1 to 100 /im in which fine, filiform carbon fibrils of 
3.5 to 75 nm in diameter are present, said fibrils being 
intercalated with lithium. 

2 . A lithium battery characterized in that 

10 the anode is formed using a carbon Geus (fishbone) fibril 
material comprised of Geus (fishbone) fibrils having an 
average particle diameter of 0.1 to 100 )itm in which fine, 
filiform carbon Geus (fishbone) fibrils of 3.5 to 75 nm 
in diameter are present, said Geus (fishbone) fibrils 

IL^ being intercalated with lithium. 

3. A lithium battery including a carbon 
fibril-containing cathode and an anode containing an 
aggregate of fibrils ^r non-aggregated mas?=i f f jbrils 
having an average particle diapqter of ^oO ^m in 
.fhich fine, filiform carbon fibrils of >.i co 75 nm in 
diameter :r.^ present, said :jibrils beirg ;.nt:erc-lated 
with lithium. 

4 . A lithium battery including ^ carbon 
fibril-containing cathode ^nd an anode ccn?tinihg Geus 
M. (fishbone) fibrils having an average par*^ icle diameter of 
> . 1 to ""OO Mm in which fine/ filiforia carton Gexm 
; fishbone) fibi-ils of 3.5 to 75 nr.. in diameter are 
present, said Geus (fishbone) .ibriX?; oeing intercalated 
•ith lithium. 
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